Introduction

1
Rock varnish is a dark coating found on rocks. It is often observed in deserts where it is also known as desert varnish, but its occurrence is not restricted to arid environments. Rock varnish appears as a thin (from about 1 μm to several hundreds of μm) coloured coating on exposed rock surfaces (Goldsmith et al., 2012) . It is mainly composed of clay minerals and amorphous silica (about 70%) and Mn and Fe oxides (about 30%) (Dorn, 2007a; Garvie et al., 2008) . The formation mechanism of rock varnish is still uncertain although abiotic chemical precipitation, biologically mediated precipitation, or a combination of these two mechanisms, have been proposed (see reviews by Dorn, 2007b and Goldsmith et al., 2012) . The current view is that the precipitation and accumulation of atmospheric dust may be an important factor in the formation of rock varnish (Garvie et al., 2008; Hodge et al., 2005) , as a source of inorganic and organic constituents.
2
Not all dark rock coatings are rock varnish. True rock varnish is characterized by clay minerals that impose a layered structure to the varnish as seen in cross sections at high magnification (Krinsley, 1998; Krinsley et al., 1995 Krinsley et al., , 2012 . Dark coatings that lack clay minerals, and hence a layered cross-sectional structure, are defined as heavy-metal skins (Dorn, 1998; Krinsley et al., 2012) .
3
Black Mn-rich coatings have been described for a wide variety of environments, including fluvial (Bhatt and Bhat, 1980; Hem and Lind, 1994; Tebo et al., 2005) , alpine (Dorn and Oberlander, 1982; Krinsley et al., 2009 ), arctic (Washburn, 1969 and antarctic settings (Dorn et al., 1992) . They have also been reported for cold springs (Hunt, 1972; Mustoe, 1981) and in hot springs (Tazaki, 2000) ; in caves (Northup et al., 2010; Rossi et al., 2010) , in fractures within regolith and bedrock (Kim et al., 2006) , and as cutans in soils (Huang et al., 2011) . A comprehensive overview is given by Krinsley et al. (2012) . The use of rock coatings as a paleoenvironment indicator has therefore been criticized (Garvie et al., 2008; Goldsmith et al., 2012) . Manganese-rich coatings on stream gravels are fairly common and have been described for various parts of the world, especially North America (Carpenter et al., 1975; Huelin et al., 2006; Krinsley et al., 2012; Whitney, 1981) . In contrast to desert environments, where the rate of true varnish formation is in the order of only a few micrometers per millennium (Dorn, 1998; Liu and Broecker, 2000) , rocks regularly exposed to water may become coated within decades or even only a few years (Krinsley et al., 2012) .
5
The present study reports the occurrence of rock fragments with a well-developed dark coating in Quaternary slope deposits which, according to Alexandre and Macar (1960) , occur within an abandoned meander bend of the Lesse river in Belgium. The dark, almost black precipitation of mainly manganese and iron oxides is well developed, typically on the upper side of the fragments whereas the other side is much less affected, similar to typical rock varnish (figure 1). The coating may have formed in either an arid or a fluvial environment. Previous studies (Demoulin, 1990; Alexandre and Thorez, 1995) have reported indications, such as silicification, for a rather arid climate in this region in the late Neogene. Since then, the climate has significantly cooled down.
6
This study investigates the chemical, mineralogical and petrographical composition of the coating using incident light microscopy, transmitted light polarization microscopy, X-ray diffraction (XRD) analysis, energy dispersive spectrometry (EDS), and X-ray fluorescence (XRF) microspectroscopy. XRD analyses were also performed for the sediment matrix in which the coated rock fragments are embedded, both for bulk samples and for material that was separated in suspension. The aim is to determine whether the coating formed as rock varnish or as a heavy-metal skin, and to reconstruct the origin of the Fe and Mn in the coating. 
Geomorphic and climatic settings 7
The study site is located in Wanlin (50°08'50" N, 5°04'17" E; 140 m asl), 45 km SE of Namur (figure 2). The coated rock fragments occur in slope deposits in an abandoned meander bend of the Lesse river. Near Wanlin the Lesse flows within a large depression (Famenne depression) and its valley is cut into shales of Famennian age (late Devonian). The sampling site is located on a partly infilled meander with fluvial and colluvial deposits of Quaternary age. These deposits contain rounded sandstone fragments embedded in weathered angular shale fragments, described by Alexandre and Macar (1960) and Juvigné (1979) as grèzes litées. This is a special type of slope deposit consisting of sandy and gravelly material produced by frost shattering (mode 2.5 mm, maximum size 25 mm ; see Ozouf et al., 1995) . Sampling site of the investigated rock fragments (indicated by yellow star): 50° 08' 50" N and 5° 04' 16" E, at a depth of 1-2 m below the surface (142 m asl).
8
The investigated sandstone fragments originate from lower Devonian deposits occurring in outcrops some 20 km south of Wanlin. They were subsequently transported by the Lesse, deposited in terraces, and then reworked with the local shales in slope deposits.
9
In a nearby quarry where weathered shale fragments are extracted for brick making, a detailed stratigraphic description of the channel infillings has been reported by Juvigné (1979) . The deposits are up to 11 m thick and include a buried soil profile at a depth of ca. 6 m.
10
The current climate is a temperate maritime climate with a mean annual air temperature of ca. 10 °C and a mean annual precipitation of ca. 850 mm. 
Methods
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Representative sandstone fragments with well-developed coatings were collected from the Wanlin site for analysis. Size of the sampled fragments was 5 to 10 cm. Morphological features of the coatings were studied in transversal cross sections for polished surfaces (incident light microscopy) and in thin sections (transmitted light polarization microscopy). X-ray diffraction (XRD) analysis was performed for thin slabs, cut parallel to the coated surface, that were placed as such in the sample holder of the equipment used (Philips X'pert System; CuK α , 3-70°2 θ, 0.02° 2θ step size, 1 sec/step). For the same series of subsamples, the chemical composition of the coatings was verified using an energy dispersive spectrometry system (Noran Vantage), coupled to a Jeol JSM-6400 scanning electron microscope (SEM-EDS). For both XRD and SEM-EDS analysis, the underside of the slabs was analyzed as a reference, representative of the interior of the rock fragments.
13
XRD analyses were also performed for the sediment in which the sandstone fragments occur, both for bulk samples and for material that was separated in suspension, the latter with and without glycol treatment. Dithionite-citrate-bicarbonate (DCB)-extractable Fe and Mn contents were determined (method of Mehra and Jackson, 1960) for samples of the local shale bedrock, selecting fragments with and without dark staining. 14 X-ray fluorescence (XRF) spectroscopy measurements were performed using a micro-XRF system (Eagle-III microprobe, EDAX, Inc.) providing information on elemental composition and distribution for atomic numbers Z > 10. The Eagle-III XRF microprobe is equipped with a microfocus Rh-anode X-ray tube, a polycapillary lens (X-ray Optical Systems, Inc.), and a 80-mm² energy dispersive Si(Li) detector. An X-ray tube voltage of 40 kV and filament current of 125 µA were applied. Two rock fragments ("Famenne A" and "Famenne B") were each analyzed in two different regions of 300µm×200µm using a 25-µm beam spot size and 5-µm step size under vacuum conditions. The live measurement time was set to 25 s per point. XRF spectra were fitted using the AXIL software package (Vekemans et al., 1994) .
Results
Textural features
15
The coated rock fragments from Wanlin are coarse-grained sandstones, with only minor amounts of fine material. Polished cross sections and thin sections show that the coatings are thin surface deposits of dark fine material, typically with a prominent associated zone in which the sandstone substrate is impregnated by the same material (up to a few mm thick) (figure 4). In some rock fragments, impregnation occurs in a band that is separated from the surface by an unaffected interval (see figure 4b) . 
Chemical composition
16
SEM-EDS analysis (figure 5) demonstrates that the coatings have a high iron and manganese content (~18 wt% MnO 2 , ~7 wt% Fe 2 O 3 , diluted by substrate contribution). Comparison with the interior of the sandstone fragments shows that the coatings also have a much higher concentration of Al, Mg, K and Ca relative to the amount of Si. The shale substrate occurring in outcrops near the Wanlin site has a low DCB-extractable Mn and Fe content (0.01% MnO 2 , 1.62% Fe 2 O 3 ). In parts with dark staining, the DCB-extractable manganese content is significantly higher, to a greater extent than the iron content (0.25 % MnO 2 , 2.06 % Fe 2 O 3 ).
18
XRF imaging shows the presence of Al, Si, K, Ti, Mn and Fe, together with minor S and Ni, in the coatings. Mn, Fe, Al and K distribution images are shown in figures 6 and 7. In all mapped regions, the coating is clearly enriched in Mn, with associated Fe, and it is also marked by a relatively high content in Al, Si and K. Within the mapped regions, Fe content is also high in parts beneath the surface, largely without associated high Mn-Al-K. These parts correspond to brownish Fe-oxide deposits occurring along grain boundaries between the sand grains that constitute the substrate.
Mineralogical composition
19
XRD analysis of the coated side of analyzed slabs shows that no crystalline Fe or Mn oxide minerals are present. The XRD patterns also reveal a difference in composition of the clay fraction, which consists of mica and smectite in the coatings and only of smectite in the substrate. The substrate also has a lower clay mineral content than the coatings.
20
The sediment matrix enclosing the sandstone fragments has a bulk composition dominated by calcite and quartz, and it contains smectite, chlorite and muscovite as clay minerals. For the analyzed suspension, only chlorite and muscovite were detected as clay minerals.
Discussion
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The coatings that characterize the sandstone fragments in the Wanlin slope deposits are essentially Fe/Mn oxide features, developed as surface deposits with characteristic associated impregnation of the substrate. The presence of an intervening interval without impregnation records a more complex evolution, with depletion of the outer part of an impregnated zone that developed at an earlier stage. Both types of impregnative features are common in soils affected by oxido-reduction processes resulting in iron oxide redistribution (see Lindbo et al., 2010) . The local shale bedrock is a likely Mn source, but high Mn contents could not be confirmed, based on analyses that do record high Mn mobility and whose results may be affected by Mn redistribution, whereby the analyzed fragment without staining may have been depleted. XRD analysis demonstrates that the Fe/Mn compounds are amorphous or at least poorly crystalline. It also reveals differences in the abundance and nature of clay minerals between the coatings and the substrate, in agreement with SEM-EDS results. This feature is compatible with incorporation of fine material that is part of the sediment matrix during coating development. However, if muscovite contained in the coatings is derived from this source, the lack of chlorite needs to be explained. A possible reason is a difference in grain size between clay mineral species, whereby chlorite, as usual, is the coarsest phase (see Van Ranst et al., 1982) and therefore more likely to be displaced rather than incorporated during accretionary coating development.
23
Clay incorporation is confirmed by XRF mapping, with matching patterns for Mn-Fe and also for Al-Si-K. The element maps also show that this characteristic is largely confined to the coatings, whereby seemingly associated occurrences at subsurface levels have a different composition, without associated Al and K.
24
The dark coatings on the Wanlin sandstone fragments formed by precipitation of Mn and Fe supplied by water, and not by atmospheric deposition. The source of Mn is most probably the local shale bedrock, despite relatively low measured Mn concentrations. Mn and Fe oxides in the coatings did not originate from the sampled sandstone fragments themselves. The coatings are rich in clay, which has most probably been incorporated during Mn/Fe oxide accumulation, although some differences in composition between coating and matrix are as yet unexplained. By invoking oxido-reduction processes, a local Mn source, and matrix incorporation, coating development is implied to result from percolating groundwater after burial. Coatings can develop on gravel and boulders in river beds (see Krinsley et al., 2012) , but no contribution of Mn and Fe supplied by the local Lesse river is assumed for the Wanlin occurrence. The percolation concept explains the unique occurrence of the coatings on one side (the upper part) of the rock fragments. Preferential prevalence of oxidizing conditions along the top of the rock fragments could have enhanced the process. The possibility that the coatings had already formed in the original river terrace is unlikely because in that case the orientation of the coatings in the slope deposits would have been much more random, which is not what we see in the field. Because of their strong macroscopic resemblance with coatings that are formed as typical rock varnish, the Mn/Fe oxide coatings in the slope deposits at Wanlin could easily be misinterpreted as rock varnish. The analyses performed show that they are most likely heavymetal skins.
Conclusions
26
The dark coatings on the sandstone fragments in the grèzes litées at Wanlin are Fe/Mn oxide deposits, formed in conditions with high mobility of those compounds. A possible local source of manganese and associated iron is recognized in the form of Mn-containing Palaeozoic shales, as observed in a quarry near the sampling site. The incorporation of matrix material along the surface of the sandstone fragments, and especially the impregnative nature of part of the Fe/Mn oxides, are significant criteria that can be applied in studies of subsurface occurrences of rock fragments with possible rock vanish.
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Résumés
Quaternary slope deposits near the Lesse river in the Famenne region, south Belgium, contain scattered rounded rock fragments (5-15 cm diameter) that are typically characterized by a dark coating or patina. This dark surface resembles rock varnish occurrences. To establish the nature of the coatings, chemical, mineralogical and petrographical analyses were performed. The coatings are essentially Fe/Mn oxide features, developed as surface deposits on the rock fragments with associated impregnation of the rock substrate. The Fe/Mn compounds are amorphous or at least poorly crystalline. The coating also shows enrichment in clay minerals compared to the matrix of the covered rock fragments. Some of these characteristics are typical for rock varnish, but the coating does not show a layered structure. We hypothesize that the coating was formed by precipitation of Mn and Fe supplied by water, after burial of the rock fragments in the surrounding slope deposits, and was not affected by atmospheric deposition. Despite its strong macroscopic resemblance to rock varnish the patina on the Famenne rocks must most likely be classified as a heavy-metal skin.
Gesteentefragmenten met een donkere patina in hellingsafzettingen van de Famenne, Zuid-België
In quartaire hellingsafzettingen nabij de Lesse komen afgeronde keien (5-15 cm diameter) voor met een donkere patina aan het oppervlak. De patina doet sterk denken aan woestijnlak. Chemisch, mineralogisch en petrografisch onderzoek toont aan dat de patina voornamelijk bestaat uit een toplaag van Fe/Mn-oxide met gedeeltelijke impregnatie van het gesteente. De Fe/Mn-verbindingen zijn amorf of hoogstens zwak kristallijn. De patina vertoont ook een aanrijking met kleimineralen vergeleken met de steenmatrix rond de keien zelf. Woestijnlak vertoont dezelfde kenmerken, maar de patina op de Famennestenen mist een gelaagde structuur. Het lijkt erop dat de patina gevormd werd door neerslag van door water aangevoerd ijzer en mangaan, en niet door atmosferische neerslag. Ondanks de sterke macroscopische gelijkenis met woestijnlak lijkt het erop dat de patina moet beschouwd worden als een zgn. metal skin: een aanrijking, zonder gelaagde structuur, van metalen op gesteente.
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